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SU  MMA  RY 

The  attenuation  provided  by  several  types  of 
ear  plug  in  common  use,  and  by  an  experimental 
amplitude-sensitive  plug  under  development  at 
the  Institute  of  Naval  Medicine,  has  been 
examined  for  both  pure -tones  and  high  level 
impulses  using  cadaver-ear  techniques.  The 
objective  measurements  with  pure  tones  up  to 
110  dB  are  in  fair  agreement  with  those  of 
conventional  methods.  The  attenuation  for 
impulses  is  shown  to  increase  with  peak 
pressure  level  in  the  case  of  the  experimental 
plug,  but  to  remain  constant  in  that  of  the 
ordinary  V.  5 1  R  plug. 
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INTRODUCTION 


With  the  increasing  realisation  of  the  damaging  effects  of  noise  on 
hearing,  a  considerable  variety  of  ear  protectors  has  become  available. 
One  much  favoured  type  is  the  ear  plug,  fitted  into  the  outer  part  of 
the  external  auditory  meatus  and  thus  reducing  the  noise  reaching  the 
ear  drum. 

When  placed  in  an  "artificial  ear"  coupler  a  solid  ear  plug  exhibits 
an  impressively  high  attenuation,  as  might  be  expected.  When  placed  in 
the  meatus  of  a  real  ear  the  attenuation  appears  to  be  very  much  less. 
This  again  is  to  be  expected,  as  the  meatus  is  lined  with  cartilage  and 
skin  which  may  move  in  response  to  the  sound-induced  movements  of  the 
pinna,  or  which  may  allow  a  plunger-like  action  of  the  plug  as  a  whole; 
also,  the  plug  may  fail  to  make  a  good  seal,  in  which  case  the  resulting 
leak  will  drastically  reduce  the  attenuation  at  low  frequencies. 

The  majority  of  ear  plug  attennation  measurements  have  therefore  been 
carried  out  using  real  ears.  As  microphones  cannot  be  introduced  into 
the  plugged  ear  without  doing  violence  to  the  plug  or  to  the  ear,  or  to 
the  proper  seal  between  the  two,  the  ear  drum  itself  is  used  as  the 
measuring  microphone.  The  subject's  hearing  threshold  is  determined, 
preferably  binaurally  in  a  free -field,  with  and  without  the  plugs;  or 
a  loudness-balance  method  may  be  used.  To  allow  for  the  many  sources 
of  error  inherent  in  such  audiometric  procedures,  a  large  number  of 
subjects  must  be  examined.  The  results  are  generally  expressed  as  the 
mean  value  and  standard  deviation  of  the  attenuation  of  each  frequency 
used,  though  expression  in  terms  of  median  values,  interquartile  and 
10-90%  decile  ranges  would  be  more  appropriate  where  the  number  of 
observations  justifies  this. 

It  is  usually  assumed  that  the  performance  of  an  ear  plug  is  linear, 
that  is,  the  attenuation  does  not  vary  with  sound  pressure,  so  that 
results  for  attenuation  measurements  at  low  levels  will  also  apply  at 
the  high  levels  where  ear  protection  is  needed.  For  the  very  high 
levels  associated  with,  for  instance,  gunfire  noise,  this  assumption 
cannot  in  fact  be  justified. 

Thus  the  common  approaches  to  measurement  of  ear  plug  attenuation  are 
not  wholly  satisfactory.  Artificial  ears,  while  yielding  precise 
results  at  a  variety  of  sound  pressure  levels  and  being  useful  in 
development  of  plugs  which  give  low  attenuation  under  certain  conditions, 
for  instance  frequency  or  amplitude -sensitive  types,  do  not 
adequately  simulate  those  properties  of  the  meatus  which  limit  the 
maximum  attenuation.  The  use  of  real  ears  is  cumbersome  and  is  only 
possible  at  threshold  or  relatively  low  sound  pressure  levels. 
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In  order  to  fill  this  gap  it  was  decided  to  use  ears  from  fresh 
cadavers  with  a  small  microphone  introduced  through  the  postero- 
superior  wall  of  the  deeper  bony  part  of  the  meatus  so  that  its 
sensitive  surface  rested  flush  with  the  meatus  wall  near  to  the  intact 
ear  drum;  objective  results  could  then  be  obtained,  for  both  pure 
tones  and  impulse  noises,  at  a  wide  variety  of  sound  pressure  levels. 

This  was  especially  valuable  as  some  of  the  types  of  ear  plug  under 
test  were  designed  to  be  amplitude-sensitive  so  that  the  attenuation 
would  increase  at  high  sound  pressure  levels. 

METHOD 

i.  Anatomical  Prejjaration 

Cadavers  were  used  following  the  course  of  a  normal  post-mortem 
where  the  skull  roof  and  brain  are  removed,  thus  giving  access  to  the 
internal  aspects  of  the  skull. 

Any  cerumen  in  the  ear  canal  was  removed  and  the  ear  drum  examined 
for  normality  of  appearance  and  mobility. The  impedance  at  the^e^r  drum 
was  measured  using  the  acoustic  bridge  designed  by  Zwislocki  ’  .  A 
metal  sleeve  was  then  inserted  from  within  the  cranial  cavity  through  a 
hole  drilled  down  and  slightly  anteriorly  through  the  squamo -petrous 
suture  so  that  the  lower  end  of  the  sleeve  was  flush  with  the  skin  of 
the  external  auditory  meatus  just  lateral  to  the  ear  drum.  A  strong 
airtight  fixing  was  made  using  dental  cement  further  surrounded  by 
plasticine  and  a  tightly  fitting  Bruel  and  Kjaer  £ -inch  microphone 
was  inserted  in  the  sleeve.  The  preparation  is  illustrated  diagrammatically 
in  Figure  1  and  photographically  in  Figure  2a;  above  the  actual 
microphone  (  shown  in  Figure  2a)  is  a  dummy  one  used  as  an  obturator 
during  insertion  of  the  sleeve. 

ii.  Acoustical  Technique 

A  monitoring  microphone  was  placed  close  to  the  meatus  entrance, 
just  in  front  of  the  tragus,  so  that  a  comparison  of  the  sound  pressure 
levels  at  the  ear  canal  entrance  and  near  the  ear  drum  could  be  obtained 
for  both  pure  tones  and  impulses,  with  the  ear  canal  open  or  blocked 
by  different  types  of  plug. 

Figuhe  2b  shows  the  general  arrangement  of  cadaver  and  apparatus  in 
the  mortuary.  The  experimental  arrangement  used  for  continuous 
automatic  recordingof  pure  tone  data  is  shown  is  Figure  2c,  in  which  a 
Bruel  and  Kjaer  artificial  mouth  was  used  as  a  sound  source.  The  input 
Sound  Pressure  Level  was  generally  set  at  between  90  and  110  dB, 
maintained  at  a  constant  level  by  a  compressor  circuit  between  the 
monitoring  microphone  placed  just  in  front  of  the  tragus,  and  the  beat 
frequency  oscillator  powering  the  artificial  mouth.  Sound  pressures  of 
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Fig.  2a  Microphone  mounting. 


Fig.  2b  General  arrangement  of  apparatus 


Measuring  microphone 


g  2c  Apparatus  for  continuous  recording  of  pure  tone  attenuation 


this  level  would  not,  on  the  basis  of  artificial  -ear  measurements,  be 
expected  to  elicit  any  amplitude-sensitive  properties  in  the  plugs.  The 
"raw  data"  therefore  gave  the  relationship  between  the  sound  pressure 
at  the  canal  entrance  and  at  the  ear  drum.  In  deriving  the  attenuation 
of  an  ear  plug  the  resonance  of  the  open  ear  canal,  i.  e.  without  an 
ear  plug,  had  to  be  taken  into  account  also. 

For  cadavers  1,2  and  3  a  manual  method  of  recording  at  discrete 
frequencies  was  used.  For  some  of  the  subsequent  ones  a  similar 
arrangement  incorporating  a  1/3 -octave  filter  was  used  for  recording 
at  low  levels. 


For  impulse  noises  a  .  32/.  22 -inch  starting  pistol  was  used  as  the  sound 
source,  giving  peak  pressure  levels  of  130-185  dB  (  ref.  2  x  10'^  dyn 
cm-^)  depending  on  size  of  cartridge  and  distance  from  the  ear.  A 
split-beam  storage  oscilloscope  was  used  to  record  the  pressure  at  the 
canal  entrance  and  deep  in  the  meatus  simultaneously;  this  was  necessary 
as  the  pressure  waveforms  produced  by  a  given  size  of  blank  cartridge 
varied  considerably. 


The  difference  in  pressures  at  the  ear  entrance  and  in  the  meatus  was 
calculated  using  the  total  pressure  excursion  (+  to-)  as  shown  in 
Figure  3,  to  give  a  more  meaningful  estimate  of  attenuation  and  to 
reduce  experimental  scatter. 

In  order  to  set  an  upper  limit  on  the  microphonic  pick-up  from  the 
cathode  follower  of  the  microphone  deep  in  the  meatus,  which  is  exposed 
to  a  sound  level  nearly  equal  to  that  at  the  ear  canal  entrance,  the 
attenuation  of  an  ear  plug  and  ear  muff  combination  was  measured  using 
both  pure  tones  and  impulses,  and  found  to  be  comfortably  higher  than 
that  for  an  ear  plug  alone.  This  confirmed  the  data  in  the  Bruel  and 
Kjaer  handbook3  which  showed  that  spurious  microphony  would  probably 
be  at  too  low  a  level  to  interfere  with  the.  results  of  attenuation 
measurements. 


iii .  Ear  Plug  Types  used 

The  two  ear  plugs  of  most  immediate  interest  were  the  Sonex  plug  and 
an  experimental  amplitude-sensitive  type  based  on  the  Sonex.  The 
opportunity  was  also  taken  to  examine  other  types  of  ear  plug;  apart  from 
providing  a  check  on  the  results  obtained  using  "live"  and  artificial 
ears,  this  also  allowed  some  insight  into  their  mode  of  operation.  For 
instance  if  any  particular  type  of  plug  gave  much  better  attenuation 
in  a  given  ear  than  other  types,  it  would  be  very  helpful  to  understand 
the  mechanism  allowing  this.  Most  of  the  ear  plugs  are  illustrated  in 
Figure  4  and  the  details  for  each  type  are  as  follows;  - 
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1.  Sonex  (  Amplivox  Ltd,  Wembley,  Middlesex).  These  are 
V.  SIR -type  pattern  plugs  moulded  in  a  relatively  stiff 
light  brown  plastic  and  currently  available  in  three  sizes. 
Their  interest  to  us  arose  partly  out  of  the  widesp-  ead 
use  (  being  a  standard  issue  for  HM  Forces)  and  partly 
because  they  served  as  a  basis  for  the  experimental 
plugs  described  below. 

2.  Experimental  Amplitude -Sensitive  Ear  Plugs  (INM  plugs). 
These  are  Sonex  plugs  with  the  core  removed  and  replaced 
by  a  disc  of  0.  005  inch  steel  shim  pierced  by  a  0.  025  inch 
diameter  orifice.  At  low  sound  pressure  levels  the 
attenuation  is  much  less  than  for  a  "solid"  plug  like  the 
Sonex,  especially  at  low  frequencies.  At  the  very  high  levels 
associated  with  high  intensity  impulse  noise,  the  flow 
through  the  orifice  becomes  turbulent  and  the  resistance 

to  flow  is  increased;  at  extremely  high  levels  the 
attenuation  should  be  comparable  to  that  of  the  normal 
Sonex. 

3.  MSA  (  Mine  Safety  Appliances  Inc„  Pittsburgh,  Pa).  Like 
the  Sonex  this  plug  is  of  the  V.  51 R  type  but  is  made  of  a 
much  softer,  white  plastic.  It  is  available  in  five  sizes. 

4.  Willson  Sound  Silencer  (  Richard  Manufacturing  Co,  Van  Nuys, 
Calif).  This  rather  ingenious  ear  plug  uses  an  air  filled 

bung  with  two  soft  flanges  in  an  attempt  to  provide  a  good 
fit  for  all  sizes  of  ear  canal  with  one  size  of  plug. 

5.  Mallock-Armstrong  (Anticoustic  Ltd,  Guildford,  Surrey). 

This  plug  uses  an  acoustic  element  in  the  form  of  a  thin 
diaphragm  sandwiched  between  two  wire  mesh  screens, 
which  apparently  is  claimed  to  provide  a  measure  of 
amplitude  sensitivity.  The  body  of  the  plug  is  made  of 

a  hard  black  plastic,  the  bulb  at  the  end  being  made  in 
five  sizes. 


6.  SMR  (Surgical  and  Medical  Research  Inc,  Los  Angeles, 
Calif).  This  torpedo-shaped  plug  is  made  of  a  soft  black 
plastic  cover  filled  with  liquid,  and  is  available  in 
severa^siz-’s.  In  spite  of  the  softness  of  the  plug,  published 
studies  have  indicated  that  in  live  ears  comfort  and 
retention  are  poor. 

7.  Corn-fit  (Sigma  Eng  Co,  Los  Angeles,  Calif).  This  plug 
is  rather  similar  to  the  Sound  Silencer  but  without  air 
filling  of  the  bung.  A  single  size  of  plug  is  fitted  with 
three  flanges  and  thus  is  intended  to  fit  all  sizes  of  ear 
canal. 
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8.  Lee-Sonic  Ear  Valv  (Sigma  Eng  Co,  Los  Angeles,  Calif). 

This  plug  is  of  considerable  interest  as  the  design 
incorporates  a  flutter  valve  which  is  claimed  to  exclude 
selectively  those  sounds  that  reach  a  harmful  intensity, 
that  is  to  say,  the  plug  is  amplitude-sensitive.  Sound 
pressures  of  high  intensity  are  said  to  drive  the  valve 
against  one  or  the  other  of  two  seatings,  thereby  affecting 
a  seal  and  increasing  the  attenuation  to  that  of  a  normal 
plug.  Sounds  of  lower  intensity  may  pass  relatively 
freely  through  the  apertures  in  the  valve  seatings  and 
through  the  body  of  the  plug  into  the  meatus.  Although  the 
valve  is  very  light  and  is  delicately  suspended  on  very  fine 
coil  springs  it  seems  unlikely  that  its  inertia  would  allow 
it  to  close  quickly  enough  to  be  effective.  Nevertheless, 

if  the  valve  could  be  made  to  work  satisfactorily,  the  plug 
would  have  important  applications. 

The  plug  itself  is  bulky  and  rather  expensive,  reflecting 
the  amount  of  precision  engineering  inside  it.  It  is  made  in 
one  size  only,  with  a  double -flanged  rubber  fitting.  The 
pure  tone  attenuation  measured  by  free -field  threshold 
shift‘d  is,  as  would  be  expected,  rather  less  than  that  of  a 
normal  plug,  especially  at  low  frequencies,  but  not  as  low 
as  one  would  like  for  ease  of  communication  between 
impulse  noises. 

9.  ARL  Frequency -Selective  Plugs.  These  ingenious  plugs 
provide  an  effective  means  of  protecting  the  ear  against 
very  narrow  frequency  bands  while  allowing  normal 
speech  communications.  They  have  already  been  the 
subject  of  a  separate  report0  and  will  not  be  discussed  further 
here;  they  are  not  shown  in  Figure  4. 

10.  Ill-Fitting  "Leaky"  Ear  Plugs.  As  such  plugs  tend  to  have 
similar  properties  regardless  of  manufacturer  they  may 
legitimately  be  considered  under  a  single  heading.  The  low 
frequency  attenuation  of  such  plugs  is  generally  poor  or 
non-existent,  being  similar  to  that  of  the  experimental 
amplitude -sensitive  plug  or  the  Lee-Sonic  Valv,  where  the 
leak  is  introduced  deliberately.  Results  from  obviously 
leaky  plugs  have  not  been  used  in  the  assessment  of 
attenuation. 
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Details  of  Cadavers  used.  These  were  as  follows:  - 


Cadaver  \i_>e 

Serial  \o.  (> 

at  death 
ears) 

Time  since  death 
(hours) 

Sex 

Ear 

U  sed 

1 

77 

16 

F 

L 

2 

73 

16 

F 

L 

3 

(14 

34 

F 

L 

•1 

(i(i 

57 

F 

R 

5 

72 

27 

M 

L 

(i 

63 

40 

F 

L 

7 

59 

26 

M 

R 

o 

54 

50 

F 

L 

Mean  = 

66 

Mean  =  33 

The  ear  drum  impedances  measured  are  shown  in  Table  I  and  Figure  5. 

It  can  be  seen  that  there  was  considerable  variation  between  different 
ears,  but  the  median  values,  although  indicating  a  rather  low  compliance, 
fell  essentially  within  the  "normal"  range  as  determined  previously 
using  the  identical  Zwislocki  acoustic  impedance  instrument.  2 


The  open  ear  responses  to  pure  tones  are  shown  in  Figure  6  as  mean 
values  with  standard  deviations,  and  individually  in  Table  II.  It 
can  be  seen  that  the  ear  canal  fundamental  resonance  occurs  at  about 
2  kHz,  with  a  gain  of  the  order  of  lOdB.  The  open  ear  responses  to 
impulses,  seen  in  Figures  9a  -  9g,  show  a  gain  of  approximately 
4  dB. 


ii.  Ear  Plug  Performances  with  Pure  Tones 

The  attenuation  of  "solid"  ear  plugs  (i.  e.  those  without  deliberate  or 
accidental  leaks)  are  remarkably  similar,  especially  at  low  frequencies 
where  the  attenuation  is  about  15  dB.  The  attenuation  appears  in  fact 
to  depend  more  on  the  particular  ear  used  than  on  the  type  of  ear  plug. 

The  plugs  with  a  designed  leak  gave  no  attenuation  at  low  frequencies, 
as  expected,  and  showed  a  rapid  increase  in  attenuation  at  about  1  kHz, 
but  even  at  high  frequencies  this  attenuation  was  less  than  that  of 
the  "solid"  plugs. 

Difficulty  in  obtaining  an  effective  seal  in  the  meatus  was  experienced  with 
all  plugs  except  for  the  Sonex  and  the  experimental  INM  plugs,  even  though 
the  correct  size  was  used  in  each  case.  Provided  that  a  good  seal  was 
obtained  each  time,  the  attenuation  appeared  substantially  unaltered  by 
removing  and  refitting  the  plug  (except  at  6000  Hz  where  considerable 
variation  was  found)  and  was  independent  of  the  sound  pressure  level  over 
the  range  used. 


TABLE  I. 


Ear  Drum  Impedance  Data 


Erequency 

(Hz) 

Cadaver  No. 

( 

Compliance 
cc  of  air  equivalent) 

lie. si 
(arbitruj 

stanc 

■y  u  n 

:e 

ts) 

1 2  5 

250 

5  00 

750 

1  000 

1  500 

1  25 

250 

500 

750 

1  000 

1  500 

1 

0.  1 

0.  2 

0.  2 

0.  fi 

0.  7 

1  .  5 

.  ) 

1  0 

20 

2  5 

2  0 

2 

0.  4 

0.  4 

0.  4 

0.  5 

o.  (; 

0.  7 

1  5 

2  0 

20 

■  ) 

f) 

25 

2 

o.  r> 

0.  1 

0.  1 

0.  1 

1).  ] 

0.  1 

fi 

4 

a 

1  5 

i  a 

1  5 

4 

1.  2 

o.  a 

o.  a 

0.  5 

0.  (i 

1  .  2 

12 

1  2 

1  5 

1  5 

2  0 

25 

5 

o.  r> 

0.  5 

0.  7 

1.  o 

1  .  2 

2.  7 

1  5 

2  5 

2  0 

2  5 

2  5 

4  0 

(> 

0.  2 

0.  2 

0.  2 

0.  2 

0.  7 

1.  1 

(i 

1  0 

12 

15 

20 

22 

7 

0.  5 

0.  4 

1  .  1 

1.  o 

1  .  2 

0.  0 

14 

Hi 

21 

21 

2  5  !; 

8 

o.  r> 

0.  4 

0.  5 

0.  5 

o.  a 

1 .  2 

1  2 

Hi 

21 

H 

2  0 

2  7 

Median 

0.  5 

0.  4 

0.  4 

0.  5 

0.  7 

1 .  1 

12 

12 

1 

| 

21 

2  0 

An  approximate  conversion  of  arbitrary  units  of  resistance  to 
acoustic  ohms  is  included  in  Eiuure 
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Positive  values  (dB)  indicate  pressure  increases 
in  the  meatus  relative  to  outside  the  ear. 


The  attenuation  results  are  given  graphically  in  Figures  7a-h:  the 
data  for  the  Sonex  and  amplitude-sensitive  plugs  are  shown  as  mean 
attenuation  with  standard  deviation,  and  for  the  other  plugs  as 
individual  attenuation  for  each  cadaver.  Tables  III  and  IV  snow  the 
individual  results  for  the  Sonex  and  the  experimerltal  amplitude - 
sensitive  plugs. 

iii.  Ear  Plug  Performance  with  Impulses. 


Due  to  the  variations  between  cartridges  giving  differing  impulse 
waveforms,  the  results  for  impulse  attenuation  gave  considerable 
experimental  scatter,  so  that  a  large  number  of  individual  results  were 
required  for  a  meaningful  conclusion  to  be  drawn.  The  .  M2 -inch  and  the 
.22-inch  cartridges  gave  similar  attenuation  results.  Typical 
oscilloscope  traces  of  the  pressure  waveforms  are  shown  in  Figure  8. 

Impulses  were  not  used  with  cadavers  5  or  G,  but  the  results  with  the 
other  cadavers,  for  Sonex  and  the  experimental  plugs  and  for  open 
ears,  are  shown  individually  in  Figures  Da -f  and  pooled  in  Figure  Gg. 

It  can  be  seen  that  the  attenuation  of  the  Sonex  plug  is  consistent 
with  the  pure  tone  attenuation  and  independent  of  the  impulse  level, 
while  the  attenuation  of  the  amplitude-sensitive  plug  increases 
steadily  with  impulse  level  and  is  about  20dB  greater  than  for  the 
open  ear  at  170  dR  peak  impulse  level. 

The  Lee-Sonic  Ear  Valv  was  also  examined  using  cadaver  1  ( FigureGh), 
and  did  give  some  increase  in  attenuation  at  high  levels:  but  the 
rate  of  increase  of  attenuation  is  consistent  only  with  the  increase 
in  air  flow  resistance  through  a  small  aperture,  rather  than  the  more 
marked  effect  to  be  expected  from  its  advertised  function,  the  closing 
of  a  valve.  Unfortunately  time  did  not  permit  a  similar  examination 
of  the  Mallock-A  rmstrong  plug,  but  the  low-level  attenuation  is 
already  so  high  that  any  further  attenuation  would  in  practice  be 
largely  superfluous. 

DISCUSSION 

i.  Cadaver  Ears  as  a  Method  of  Ear  Plug  Evaluation. 

The  validity  of  the  results  presented  depends  on  the  similarity  between 
cadaver  ears  and  real  ears.  Cadaver  ears  are  suspect  on  two  counts  - 
whether  the  outer  and  middle  ears  from  elderly  persons  are  significantly 
different  from  those  of  the  much  younger  sub  jects  generally  used  for 
real-ear  tests,  and  whether  any  significant  difference  in  acoustic 
properties  occurs  at,  or  within  two  days  of,  death. 
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Fig  7b  Attenuation  of  Sonex  plug 
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Fig  7c  Attenuation  of  M  S  A  plug 
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Fig  7d  Attenuation  of  Willson  Sound  Silencer 
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Fig.  7 h  Attenuation  of  Com-Fit  plug 
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TABLE  IV  Attenuation  of  Son  ex  Ear  Plugs  in  rtl  1 
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Fig  9h  L<?<2  Sonic  Ear  Valv  In  cadaver  7 


Regarding  the  first  point,  it  is  known  that  the  skin  loses  much  of  its 
elasticity  with  age,  and  that  the  body  fat  is  disposed  in  a  less 
aesthetic  manner,  i,  e.  away  from  the  subcutaneous  sites.  The  effect 
of  this  on  the  mechanical  properties  of  the  pinna  and  meatus  is  uncertain. 
I'he  incidence  >f  middle  ear  pathology,  notably  fixation  of  the  stapes 
and  ossicular  joints,  might  also  be  thought  higher  in  an  aged  population 
than  among  young  persons,  although  there  is  little  evidence  of  a  g 
substantial  conductive  element  in  the  deafness  of  old  age  per  se.  ' 

Our  results  using  the  Zwislocki  bridge  showed  considerable  variation 
between  the  acoustic  impedance  of  the  various  ears,  but  the  median 
values  for  both  compliance  and  resistance  were  within  or  near  the 
range  covered  by  95%  of  normal  subjects,  according  to  the  earlier 
determination  using  the  same  instrument.  On  the  other  hand,  Zwislocki 
and  Feldman®  using  another  Zwislocki  acoustic  impedance  bridge 
reported  that  the  compliance  of  the  drum  decreased  very  markedly 
shortly  after  death  and  the  resistance  increases.  It  may  be  that  the 
cadavers  which  Zwislocki  and  Feldman  used  were  fresher  than  ours, 
although  both  Onchi  ,  and  Elpern  and  Anderson^  consider  that  the 
properties  of  the  middle  ear  do  not  alter  rapidly  after  death.  Some 
of  the  discrepancy  may  be  due  to  the  small  samples  used  by  us  and  by 
Zwislocki  (  N  =  8  in  both  cases). 


The  resonant  frequency  of  the  meatus  is  of  considerable  interest,  as 
the  interference  with  this  resonance  contributes  substantially  to  the 
attenuation  characteristics  of  ear  defenders.  The  most  comprehensive 
study  on  this  resonance  appears  to  be  that  by  Shaw  and  Teranishi9  who, 
using  both  real  ears  and  a  model  ear  together  with  a  probe  tube 
microphone,  concluded  that  the  resonant  frequency  was  a  little  under 
3  kHz  with  a  gain  of  about  16  dB.  They  also  showed  how  the  gain,  but 
not  the  resonant  frequency,  was  affected  by  the  drum  impedance,  and 
how  the  distance  of  the  measuring  microphone  from  the  drum  would 
affect  the  apparent  gain  without  altering  this  frequency.  They  further 
showed  that  a  strong  resonance  around  6  kHz  was  due  to  an  open  ended 
mode  of  the  cavum  conchae,  and  that,  at  higher  frequencies  the 
characteristics  were  dependent  onthe  shape  of  the  pinna  and  on  the 
direction  to  the  sound  source. 

Wiener  and  Ross*9,  using  a  number  of  live  ears,  estimated  the  meatus 
resonant  frequency  as  4  kHz,  with  a  gain  of  12  dB;  but  results  as 
low  as  2  kHz  have  also  been  reported.  In  any  case  it  is  evident  that 
considerable  variations  exist  between  different  ears. 

Our  results  for  the  cadaver  ears  gave  the  resonant  frequency  as  about 
2  kHz  with  a  gain  of  about  10  dB.  This  rather  low  resonant  frequency 
might  conceivably  have  been  due  to  a  partial  collapse  of  the  meatus 
cartilage  leading  to  a  narrowing  of  the  meatus  entrance,  although  this 
would  have  to  be  quite  marked  to  show  such  a  large  shift,  and  was  not 
evident  on  otoscopic  examination.  The  gain  was  probably  slightly  under¬ 
estimated  as  the  microphone  was  placed  slightly  short  of  the  drum. 
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It  seems  that  any  differences  in  ear  plug  performance  between  our 
cadaver  ears  and  normal  ears  are  more  likely  to  depend  on  changes  in 
the  resilience  of  the  pinna  and  meatal  tissues  than  on  changes  of 
acoustic  impedance  of  the  ear  drum.  Any  changes  in  the  resilience  of 
the  tissues  are  more  likely  to  be  a  function  of  ageing  than  of  post-mortem 
deterioration,  as  skin  and  cartilage  are  thought  to  alter  relatively 
slowly  after  death. 

The  use  of  cadaver  ears  is  too  cumbersome  to  be  regarded  as  an  absolute 
method  of  determining  ear  plug  attenuation,  but  nevertheless  provides  a 
useful  means  of  comparing  different  types  of  plug  and  for  studying 
their  modes  of  operation  and  the  effects  of  fit.  Not  only  are 
differences  between  individuals  not  masked  by  the  experimental  error 
inherent  in  subjective  threshold  determinations,  hr',  measurement  of 
attenuation  at  high  levels,  of  special  interest  for  some  of  the  plugs 
in  the  present  study,  can  be  carried  out. 

ii.  Ear  Plug  Attenuation  Characteristics. 

With  "solid"  ear  plugs,  provided  that  a  good  seal  is  obtained  in  the 
meatus,  the  values  for  attenuation  obtained  appear  to  be  largely 
independent  of  the  type  of  plug  used,  as  was  predicted  by  von  Gierke 
and  Warren.  With  ear  plugs  which  are  vented  to  the  atmosphere  (  Lee- 
Sonic  and  other  amplitude- sensitive  types)  the  attenuation  is  reduced, 
depending  mainly  on  the  design  of  the  plug,  and  becomes  zero  at  low 
frequencies.  Generally  good  agreement  for  pure  tones  was  obtained 
between  the  results  of  cadaver-ear  methods  and  of  conventional 
threshold  shift  measurements. 

The  attenuation  for  high -intensity  impulses  shown  by  the  Sonex  plug 
corresponded  well  with  that  for  low-level  pure  tones,  whereas  both 
the  Lee-Sonic  and  the  experimental  amplitude -sensitive  plugs  showed 
a  gradual  increase  in  attenuation  with  impulse  level.  In  the  case 
of  the  experimental  amplitude -sensitive  plug  the  increase  was 
ultimately  close  to  the  1  dB  per  2dB  pressure  increase  that  had  been 
expected  theoretically;  the  increase  in  the  Lee-Sonic  attenuation 
was  rather  more  gradual  still,  presumably  because  of  the  higher 
initial  attenuation  and  the  more  complex  air  passages  within  the  plug. 

The  pure-tone  results  for  all  types  of  "solid"  plugs  have  emphasised 
the  crucial  importance  of  a  good  fit.  Of  all  the  plug  types  tested, 
only  the  Sonex  appeared  to  be  reasonably  satisfactory,  and  even  this 
plug  occasionally  failed  to  provide  an  effective  seal.  This  conclusion 
is  in  line  with  experience  under  field  conditions  12. 


This  moans  that  ordinary  insert  type  ear  plugs  cannot  be  relied  on  to 
give  their  normal  low  frequency  attenuation  in  practice,  and  that 
where  a  continuous  noise  has  hazardous  components  below  about 
1000  Hz,  ear  plugs  may  give  very  inadequate  protection. 
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